Introduction
Focused electron beam induced deposition (FEBID) has ascended to one of the most promising fabrication methods for functional nano-science capable of combining bottom-up 3D patterning with desired electronic and magnetic properties of the deposited material [1, 2] . This flexibility of the FEBID technique, merged with an enormous downscaling potential [3, 4] , opens new pathways for various applications such as the development of nano-sensors for magnetic [5, 6] , strain/ force [1, 7] , dielectric [8, 9] sensing or the possibility to fabricate metallic contact structures with sub-10nm lateral resolution [10] . However, in many cases post-treatment of the as-grown FEBID deposit is inevitable in order to meet the demands for specific applications. For example, as-grown FEBID deposits usually exhibit low conductance due to incorporated, nonmetallic impurities originating from the dissociation of organometallic precursor molecules used for FEBID [11, 12] as well as residual contaminant gases present in the microscope chamber [13] . Only few examples of highly pure metallic structures are known which can be prepared without further post-treatment, e.g. iron FEBID structures fabricated under ultra-high vacuum conditions [14, 15] or cobalt nanostructures fabricated by the dissociation of Co 2 (CO) 8 via an optimization of FEBID deposition parameters [6, 16] . The majority of FEBID materials rely on post-treatment processes, such as nano-granular Pt-C FEBID structures prepared by the dissociation of MeCpPt(Me) 3 for which the conductivity can be tuned over a range of four orders of magnitude via post-growth electron irradiation. The increase of conductivity is attributed to a graphitization of the carbonaceous matrix accompanied by an increase in size of the Pt-crystallites. The resulting enhancement of the tunnel coupling strength to the point of the formation Abstract: Focused electron beam induced deposition presents a promising technique for the fabrication of nanostructures. However, due to the dissociation of mostly organometallic precursor molecules employed for the deposition process, prepared nanostructures contain organic residues leading to rather low conductance of the deposits. Post-growth treatment of the structures by electron irradiation or in reactive atmospheres at elevated temperatures can be applied to purify the samples. Recently, an in-situ conductance optimization process involving evolutionary genetic algorithm techniques has been introduced leading to an increase of conductance by one order of magnitude for tungsten-based deposits using the precursor W(CO) 6 . This method even allows for the optimization of conductance of nano-structures for which post-growth treatment is not possible or desirable. However, the mechanisms responsible for the observed enhancement have not been studied in depth. In this work, we identified the dwell-time dependent change of conductivity of the samples to be the major contributor to the change of conductance. Specifically, the chemical composition drastically changes with a variation of dwelltime resulting in an increase of the metal content by 15 at% for short dwell-times. The relative change of growth rate amounts to less than 25 % and has a negligible influence on conductance. We anticipate the in-situ genetic algorithm optimization procedure to be of high relevance for new developments regarding binary or ternary systems prepared by focused electron or ion beam induced deposition. of a percolating path between the metallic nano-particles offers the possibility to precisely tune this system from the insulating regime across the metal-insulator transition (MIT) towards metallic conductance. [17, 18, 19] . However, residual carbon in the deposit after the post-treatment process leads to a maximum achievable value for the electrical conductivity which is two orders of magnitude lower as compared to bulk platinum. For that reason recent investigations have focused on a purification process of FEBID structures aiming at a complete removal of the carbonaceous matrix in order to yield pure metallic nanostructures. Different successful purification approaches involve the treatment of Pt-C FEBID structures at elevated temperatures in reactive O 2 atmosphere with or without simultaneous electron irradiation [20] [21] [22] [23] . Furthermore, the combination of a thin FEBID Pt-C seed layer with atomic layer deposition provides the opportunity to achieve nanoscale patterning of pure platinum structures with a high throughput [10] . However, most of these purification processes rely on the catalytic dissociation of oxygen into radicals which attack the carbonaceous matrix and can only be applied to FEBID samples containing (noble) metals which are catalytically active. A good overview of achievable purities and respective purification techniques is given in the manuscript of Botman et al. for various available FEBID precursors [24] .
In many cases a post-treatment of the deposited samples may not be possible (e.g. oxygen-based purification for tungsten based FEBID samples due to oxidation of the metallic components) or not desired while, at the same time, the deposits should be well-conducting. In order to circumvent this downside an in-situ conductance optimization process offers a potential solution. Roberts et al. introduced laser-assisted electron beam induced deposition integrating a pulsed laser synchronized to the electron beam during the FEBID process [25] . The laser pulse induces thermal desorption of mostly organic reaction by-products leading to a higher metal content of the deposits and, therefore, an increase in conductivity.
Recently, a different optimization process has been introduced by Weirich et al. applying an evolutionary genetic algorithm (GA) that searches the FEBID parameter space for a combination of deposition parameters which lead to a deposit with optimized conductance [26] . The GA optimization process comprises a layer-by-layer growth of a FEBID deposit for which the conductance is measured in-situ during deposition. Each layer within one optimization cycle is deposited with a different set of FEBID parameters. The conductance information of every layer determines a fitness value measuring the positive or negative impact of a change of deposition parameters. The results are fed to a direct experimental feedback control mechanism adapting FEBID deposition parameters according to the evolutionary principle "survival of the fittest" via genetic operators such as crossover and mutation. This procedure is repeated for several optimization cycles and finally yields a set of FEBID parameters for a deposit with optimized conductance. Further detailed information on the GA can be found in [26] . The GA was successfully applied to the precursor W(CO) 6 for which a change of FEBID patterning parameters is known to significantly impact the conductance of the final deposit. [27] [28] [29] In the experiments performed by Weirich et al. [26] specifically the dwell-time was varied for the GA's search for best deposition parameters yielding an optimum dwell-time with regard to conductance of t d = 500 ns. Simultaneously it was shown that the GA is furthermore capable of varying more parameters at once. Along these lines, for the search of FEBID patterning parameters leading to the smallest conductance value, dwell-time and pitch were changed simultaneously during the GA process. A dwell-time of t d = 831 µs and p x = 35 nm, p y = 150 nm for the pitch in x-and y-direction, respectively, were identified to yield the sample with lowest conductance. In summary, it could be shown that for the precursor W(CO) 6 the conductance can be increased by one order of magnitude using the parameter set deduced from the GA optimization [26] . Following the success of GA experiments a model was developed describing the change of conductance during the layer-by-layer growth in the GA optimization process for electron irradiation sensitive samples as well as deposits for which electron irradiation effects on conductance can be neglected, respectively [30] . In this work, this model is applied to tungsten-based deposits created by the dissociation of W(CO) 6 which are less sensitive to electron irradiation. In combination with a FEBID rate equation analysis we present follow-up experiments for the investigation of the dwell-time dependent conductance increase. With a profound analysis of 11 samples deposited with different dwell-times in the range of 200 ns ≤ t d ≤ 831 µs we provide detailed insight into the mechanisms leading to the dwelltime dependent increase of conductance by one order of magnitude observed in previous GA experiments.
Experimental Procedures
FEBID deposition experiments were conducted in a FEI Nova Nanolab 600 dual beam SEM/FIB microscope equipped with a Schottky electron emitter. W(CO) 6 was used as precursor material and was heated to T = 55 °C and introduced into the chamber of the SEM via a thin capillary with a diameter of 0.5 mm. The distance between the bottom of the gas injection nozzle and the substrate was set to 100 µm with an angle of 50 ° with respect to the substrate surface matching the experimental conditions used by Fowlkes and Rack for their experiments on FEBID tungsten nanopillars [31] . The in plane distance from the gas injection nozzle to the deposition area amounted to 80 μm. The introduction of the precursor gas W(CO) 6 into the microscope chamber lead to a pressure increase from p base = 0.4 mPa to p dep = 1.3 mPa. In order to determine the contribution of residual gas molecules and hydrocarbons mass spectrometry measurements of the residual gas were performed revealing H 2 O as the major constituent while the amount of hydrocarbons was two orders of magnitude lower compared to H 2 O. As substrate material, LPCVD Si 3 N 4 (300 nm)/(100) Si (300 µm, p-doped) was used equipped with Cr (10 nm)/Au (160 nm) electrodes with a separation of 3 µm which were prepared via UV-lithography combined with a lift-off process. Tungstenbased deposits with lateral dimensions of 3×7 µm 2 were deposited between the Cr/Au contact structures employing a serpentine scanning strategy in combination with the following FEBID parameters: pitch p = 40 nm in x-and y-direction, acceleration voltage V = 5 kV and beam current I = 2.4 nA measured at the Faraday cup. The preparation of the tungsten-based deposits was carried out in a GA-like manner. First, a seed layer was deposited using a dose of d = 17.1 nC/µm 2 and a dwell-time of t d = 100 μs assuring that initial conditions were the same for all different samples. 15 layers were added on top of the seed-layer using a dose of d = 4.6 nC/µm 2 and the same dwell-time for all 15 layers. In order to keep the dose fixed for all samples deposited with different dwell-times, the number of passes per layer was adapted, respectively. After the deposition of each layer, the FEBID process was paused for t = 7 s imitating GA conditions where deposition was resumed after loading the patterning file which contained the new parameter set. In total 11 different samples with dwell-times t d = [0.2; 0.5; 1; 3; 7; 10; 20; 60; 100; 400; 831] μs were prepared. Conductance was measured in-situ at fixed bias voltage of V = 10 mV in twoprobe configuration using a Keithley 2400 source meter. Atomic force microscopy (AFM) measurements conducted on an AFM Workshop TT-AFM as well as energy dispersive X-ray spectroscopy analysis (EDX) were carried out on reference samples prepared with the same FEBID parameters as the samples used for conductance measurements.
The comparison of the FEBID rate equation model to the conductance measurements requires determination of the cross section area of a single layer. Therefore, a reference seed-layer was deposited. The measured cross section area was subtracted from the total cross section area of the different samples and divided by the number of layers in order to calculate a value for the cross section area of a single layer. Figure 1a displays the in-situ conductance of representative tungsten-based samples deposited with different dwelltimes measured during the FEBID process in a doublelogarithmic representation. As also found by Weirich et al. [26] a dwell-time of t d = 500 ns for the employed deposition parameters yields the maximum conductance value of S = 1.2 mS exceeding the conductance of the sample deposited with a dwell-time t d = 831 μs by one order of magnitude. The drops in the conductance curves given in Figure 1 relate to the imitation of the layer-by-layer GA protocol. After the FEBID process AFM measurements were carried out on all samples in order to state whether a change of conductivity, a sole variation of the deposits growth rate or a combination of both is responsible for the tenfold increase of conductance. A representative 3D AFM image of the t d = 1 μs sample is given in the inset.
Results
For an in-depth analysis of the mechanisms leading to the observed dwell-time dependent increase of conductance, the change of conductance dS/dt was calculated via linear regression of every deposited layer for all samples (Figure 1b) . At the beginning of the layerby-layer deposition process dS/dt grows continuously for each following layer until the curves converge towards a dwell time specific maximum value dS/dt max which remains constant for a proceeding accumulation of layers. Figure 2 depicts the dS/dt max (t d ) values in dependence of the dwell time which exhibit a decrease by one order of magnitude in the range of 1 < t d < 100 μs leveling out for shorter and longer dwell-times.
A similar curve progression can be observed in FEBID rate equation models describing the drop of deposition rate R at the crossover between the reaction-rate-limited (RRL) and the mass-transport-limited (MTL) regime [13, 32] . As a drop of R would be directly reflected in the conductance data, the dwell-time dependent deposition rate was simulated using the rate equation model in the continuum limit and compared to the measured dS/dt max values. Neglecting electron beam irradiation effects on conductance of underlying layers during the deposition of the top layer as described in [30] , the change of conductance for one specific layer becomes 6 using the parameters given in the text. Inset: Representative cross sections for samples deposited with dierent dwell-times. Contribution of precursor diusion to the growth rate and, therefore, the conductance of the deposits increases with longer dwell-times.
with l and A being the length and cross section area of the layer, respectively.
For a fixed length of the deposit, dS/dt solely depends on the conductivity and the change of cross section area which is directly related to the growth rate of the specific layer for a given dwell-time. If the conductivity of the tungsten-based samples would be independent of the employed dwell-time during the FEBID process, the conductance increase by one order of magnitude should be well-described by the rate equation model. The rate equation model requires certain input parameters describing the electron-precursor-solid interactions. For the precursor W(CO) 6 , Fowlkes and Rack published values for the precursor sticking probability s = 0.025 as well as the mean surface residence time t = 3.2 ms obtained via convergence of a least-squares fit of the simulated results compared to the experimental data for nanopillar growth [31] . For the estimation of the volume of the decomposed molecule V dec we assumed that the W(CO) 6 molecule loses 47 % of its volume accounting for the loss of multiple CO ligands. The volume of the parent molecule was approximated as the volume of a sphere with the radius given by the bond length of W-C-O of 3.22 Å resulting in V dec = 0.074 nm 3 . Furthermore, we adopted the approximation of Fowlkes and Rack for the W(CO) 6 [31] for W(CO) 6 were found in literature for 500 eV and 30 keV primary electron energy, respectively. In this work, s 5 eV = 0.1 nm 2 was determined using the best fit to the measured experimental conductance data representing a reasonable value given the data reported in literature. The calculated growth rate using the given parameters for the rate model is shown as a red line in Figure 2 . As can be seen, the curve progression of the calculated growth rate coincides with the dwell-time dependent decrease of (dS/dt) max , implying that the variation of growth rate due to the crossover from the RRL regime (short dwell-times) to the MTL regime (long dwell-times) is responsible for the change of conductance. When comparing the dS/dt max with the modeled growth rate it should be kept in mind, that diffusion is neglected in the rate equation model but is included in the measured dS/dt max data. In order to state, whether diffusion contributions can be neglected, dwelltime dependent cross sections are shown in the inset of Figure 2 . For short dwell-times the shape of the deposits imply, that diffusion contributions to dS/dt max play a minor role whereas for dwell-times t d ≥ 60 µs diffusion has a significant impact on conductance, which leads to the observed deviation from the calculated growth rate to the measured dS/dt max data [12] .
However, taking into account the cross section area A of the deposited layers obtained via AFM measurements presented in the inset of Figure 3 , it is obvious that the observed increase of conductance by one order of magnitude cannot be explained by a variation of the growth rate of the deposit. The maximum relative change of A amounts to less than 25 % and does not match the calculated growth rate. Consequently, the conductance increase has to be due to an increase of conductivity for short dwell-times. Inserting the deduced dA/dt values into equation 1 and solving it for s results in the dwelltime dependent conductivity depicted in Figure 3 . [27] . At this point it is worth mentioning that the conductivity can be further increased by employing focused ion beam induced deposition (FIBID) in combination with the precursor W(CO) 6 . Metallic tungsten-based FIBID structures which are also known to become superconducting below 5.2 K, [34] [35] [36] [37] exhibit conductivity values up to 400-680 kS/m exceeding the values for tungsten-based FEBID structures reported here by a factor of 30-50 [34, 36, 38] . The difference of conductivity between samples prepared by means of FEBID and FIBID is, however, not inherent to deposits fabricated by the dissociation of W(CO) 6 . The same effect can be observed for, e.g., Pt-based deposits for which the origin of the enhancement of conductivity in the case of Pt-FIBID is attributed to a higher doping level of the carbonaceous matrix due to gallium implantation, which always represents an accompaniment of FIBID using a Ga + -ion beam [39] . In general, the conductivity is determined by the chemical composition as well as the micro-or nanostructure of the deposits. Therefore, EDX measurements were performed on all samples for which the content of tungsten, carbon and oxygen in at% in dependence of the dwell-time used for FEBID is displayed in Figure 4 . On the one hand, for short dwell- times (t d ≤1 μs) the tungsten content accounts for 37 at% and monotonically decreases in the range of 1 μs ≤ t d ≤ 100 μs saturating at 22 at% for t d = 400 μs. The oxygen content of the deposits exhibits the same dwell-time dependent behavior as the tungsten content, indicating that they are not independent of each other. On the other hand, the amount of carbon increases with longer dwell-times showing the exact mirrored development in comparison to tungsten and oxygen with a maximum of 63 at% C for t d = 400 μs. Qualitatively, the metal content shows the same dwell-time dependent behavior as the conductance of the deposits characterized by a decrease in the range of 1 μs < t d < 100 μs, indicating that a change of conductivity primarily determines the conductance of the deposits.
Discussion
Finding the optimized deposition protocol for a specific precursor and given experimental FEBID conditions is a very time-consuming process. The same optimization process assisted by the evolutionary GA approach as presented by Weirich et al. reduces the time needed to find an optimized FEBID parameter set from several days to a couple of hours [26] . With regard to the GA this process is simply the optimization of a fitness value measuring the positive or negative impact on conductance when changing the deposition parameters. From a scientific point of view, however, the GA optimization process deals with a complicated interplay between a crossover of FEBID growth regimes leading to a change of the growth rate of the deposits and a variation of the chemical composition which can result in a different microstructure.
At first glance, the reduction of conductance for dwelltimes t d > 1 µs seems to be due to a decreasing growth rate of the deposits as the conductance data is in perfect agreement with the modeled deposition rate according to the FEBID rate equation model. The model predicts a crossover from the RRL regime to the MTL regime between 1 µs < t d < 100 µs leading to a reduction of the growth rate for long dwell-times due to precursor depletion. However, AFM measurements that were conducted on the different samples show that the change of growth rate which is directly related to the mean cross section area per layer ( Figure 3 ) amounts to less than 25 % and, therefore, cannot explain the observed increase of conductance by one order of magnitude.
Consequently, from the exclusion of growth rate as the major contributor to the conductance increase for short dwell-times, it directly follows that a variation of the chemical composition which is connected to a change of the microstructure of tungsten-based FEBID deposits [40] is primarily responsible for the observed behavior inducing an increase of conductivity by a factor of 8 as depicted in Figure 3 . This is supported by performed EDX measurements (Figure 4) showing a monotonic increase of metal content from 22 at% up to 37 at% from long to short dwell-times while the carbon content in the deposits continuously decreases from 63 at% to 37 at%, respectively. Moreover, electronic transport in these structures strongly depends on their micro-and nanostructure not investigated in this work. However, simulations employing the Universal Structure Predictor: Evolutionary Xtallography package (USPEX) for FEBID structures deposited with the W(CO) 6 precursor predict significant microstructural changes for different chemical compositions leading to a MIT observed at chemical compositions which are in good agreement with experiment [40] .
Given the fact that the dwell-time dependent changes of conductivity primarily dictate the conductance of tungsten-based FEBID deposits, one could question the significance of the FEBID rate equation model which does not fit the measured growth rates of the deposits. However, it is striking to find that the s-shaped crossover in the conductance data can be directly traced back to the transition between the RRL and MTL regime expressed by the rate equation model. In studies regarding the electron induced reactions of surface adsorbed W(CO) 6 , Rosenberg et al. identified two stages relevant for the decomposition of W(CO) 6 [33] . In the first stage, electron stimulated reactions induce a loss of multiple CO groups forming partially decarbonylated W x (CO) y species. In the second stage, continuous electron irradiation forces the CO ligands to undergo decomposition rather than desorption leading to the formation of oxidized tungsten as well as incorporated carbon. For the results presented in this work, the findings of Rosenberg et al. suggest that for short dwell-times predominantly the first step leading to partially decarbonylated W x (CO) y species is relevant. In this regime, the chance for CO groups to desorb yields the observed high metal contents while the carbon content is kept at a minimum. For longer dwell-times however, precursor depletion combined with continuous electron irradiation results in enhanced ligand decomposition increasing the amount of residual carbon which is implemented in the deposit. The dominant contribution of either the first or second reaction stage to the final deposit is directly related to the FEBID rate equation model. In the RRL regime the reactions are limited by the number of available electrons, thus, leaving not enough electrons for ligand decomposition. When crossing over from the RRL to the MTL regime, the depletion of W(CO) 6 precursor molecules leads to enhanced dissociation of CO and, therefore, an increased carbon content in the deposits. The strong increase of carbon in the deposits accompanied by decreasing oxygen content due to the loss of structural integrity of the CO molecules is in accordance with several studies on electron-induced dissociation of adsorbed and gaseous CO molecules. Furthermore the studies show that carbon remains at the surface whereas oxygen is liberated, leading to the observed increase of the carbon content in our measurements [41, 42] . Due to the larger amount of incorporated carbon, the growth rate does not decrease significantly whereas at the same time the conductance of the tungsten-based structures is reduced considerably.
Moreover, it is important to note that the GA identified the dwell-time of 500 ns as the best parameter for which the combination of R and s yielded the highest conductance of the deposit. Although for a dwell-time of 200 ns the conductivity reaches the maximum value, the growth rate is less compared to the sample deposited with t d = 500 ns. We attribute the lower growth rate of the 200 ns sample to a not completely refreshed precursor reservoir due to a short refresh time of 2.6 ms. Fowlkes and Rack showed that refresh-times longer than approximately 5 ms are needed to achieve complete precursor replenishment [31] for the precursor W(CO) 6 which is fulfilled for the 500 ns sample. This reflects the great strength of the GA technique which is the consideration of all effects contributing to a change of conductance of the deposits. In the end, all these contributions are condensed into one parameter, the fitness-value, which determines the positive or negative impact on conductance.
Conclusion
In summary, determination of the mechanisms responsible for the observed dwell-time dependent conductance variation by one order of magnitude of tungsten-based FEBID structures constitutes an important step for the understanding and further improvement of the GA optimization protocol. By measuring the in-situ conductance of a set of 11 samples deposited layer-bylayer in a GA-like manner using different dwell-times for each sample, we could show that primarily the changing chemical composition and, therefore, the conductivity of the deposited structures determines the conductance of the tungsten-based deposits. The growth rate varies less than 25 % and only accounts for a minor contribution to conductance. Electron-precursor-solid interaction parameters for the precursor W(CO) 6 obtained by Fowlkes and Rack were used to model the growth rate for tungstenbased deposits via rate equations. The crossover between the RRL and the MTL regime characterized by a dropping growth rate in the rate equation model was reflected by the conductance measurements. The measured growth rate, however, did not match the results of the rate equation model. We attribute these findings to an enhanced ligand decomposition for long dwell-times leading to increased carbon incorporation into the deposit as described by Rosenberg et al. [33] The residual carbon keeps up the FEBID growth rate while, at the same time, the conductance is reduced significantly.
First steps have already been undertaken to apply the GA protocol to FIBID parameter optimization. Specifically, the FIBID deposition parameters were optimized for the precursor Mo(CO) 6 . In this case, the GA did not only optimize the conductance of the molybdenum-based FIBID structures, moreover, the deposits were found to be superconducting with tunable superconducting transition temperatures from which the highest T c of 3.8 K was observed for the GA-optimized sample [43] . Future work regarding the GA will be especially directed towards FEBID binary systems. As previous studies show, for example, the conductance of binary Pt-Si FEBID samples is very sensitive to a small change of the Si/Pt ratio [44] . As the GA automatically searches the parameter space for the best combination of R and s with regard to the conductance of the deposits, the GA can be applied to stabilize binary highly-conducting phases such as Pt 2 Si 3 providing significant advantages when stepping into the field of FEBID/FIBID binary or ternary systems.
